To investigate magnetic resonance (MR) volumetry of endometrial tumors and its association with deep myometrial invasion, tumor grade, and lymphovascular invasion and to assess the value of apparent diffusion coefficient (ADC) histographic analysis of the whole tumor volume for prediction of tumor grade and lymphovascular invasion.
The institutional review board approved this retrospective study; patient consent was not required. Between May 2010 and May 2012, 70 women (mean age, 64 years; range, 24-91 years) with endometrial cancer underwent preoperative MR imaging, including axial oblique and sagittal T2-weighted, dynamic contrast material-enhanced, and diffusion-weighted imaging. Volumetry of the tumor and uterus was performed during the six sequences, with manual tracing of each section, and the tumor volume ratio (TVR) was calculated. ADC histograms were generated from pixel ADCs from the whole tumor volume. The threshold of TVR associated with myometrial invasion was assessed by using receiver operating characteristic curves. An independent sample Mann Whitney U test was used to compare differences in ADCs, skewness, and kurtosis between tumor grade and the presence of lymphovascular invasion.
Results:
No significant difference in tumor volume and TVR was found among the six MR imaging sequences (P = .95 and .86, respectively). A TVR greater than or equal to 25% allowed prediction of deep myometrial invasion with sensitivity of 100% and specificity of 93% (area under the curve, 0.96; 95% confidence interval: 0.86, 0.99) at axial oblique diffusion-weighted imaging. A TVR of greater than or equal to 25% was associated with grade 3 tumors (P = .0007) and with lymphovascular invasion (P , .0001).
There was no significant difference in the ADCs between grades 1 and 2 tumors (P . .05). The minimum, 10th, 25th, 50th, 75th, and 90th percentile ADCs were significantly lower in grade 3 tumors than in grades 1 and 2 tumors (P , .02).
Conclusion:
The combination of whole tumor volume and ADC can be used for prediction of tumor grade, lymphovascular invasion, and depth of myometrial invasion.
Implication for Patient Care
n In patients with endometrial cancer, the combination of whole tumor volume and ADCs could be used as a biomarker for accurate prediction of deep myometrial invasion, tumor grade, and lymphovascular invasion.
Advances in Knowledge
n In patients with endometrial cancer, tumor volumetry was performed during six sequences (axial oblique and sagittal T2 weighted, axial oblique and sagittal dynamic contrast enhanced, and axial oblique and sagittal diffusion weighted); an endometrial tumor volume ratio (TVR; calculated as TVR = TTV/TUV 3 100, where TTV is total tumor volume and TUV is total uterine volume) and histograms of apparent diffusion coefficients (ADCs) were generated.
n An endometrial TVR of greater than or equal to 25% allowed prediction of deep myometrial invasion with sensitivity of 100% and a negative predictive value of 100%.
n An endometrial TVR of greater than or equal to 25% was associated with grade 3 tumors (P = .0007) and with lymphovascular invasion (P , .0001).
n There were no significant differences in the ADC percentiles between endometrial grade 1 and grade 2 tumors.
n The minimum, 10th, 25th, 50th, 75th, and 90th percentile ADCs were significantly lower in grade 3 tumors than in grades 1 and 2 tumors. 
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patients at low risk. Lymphadenectomy has a reported complication rate of up to 17%. Patients at high risk for surgical complications include those with obesity and diabetes (3, 4) . Magnetic resonance (MR) imaging is valuable in the preoperative staging of endometrial cancer, because it can allow accurate assessment of the depth of myometrial invasion (5-13), which correlates with tumor grade, lymph node metastasis, and overall patient survival. To date, the combination of dynamic contrast material-enhanced (DCE) and T2-weighted MR imaging has been accepted as the examination with the highest accuracy for staging of endometrial cancer. This protocol has been implemented by most European cancer centers and is also recommended in the European Society of Urogenital Radiology Endometrial Cancer Staging guidelines (5, 9, 14) . However, the added benefit of diffusion-weighted imaging (DWI) (15) and quantitative methods have been described in studies of other pelvic cancers (16, 17) , especially in rectal and cervical cancer (17) (18) (19) . One of these quantitative methods, MR volumetry, has been studied as a tool for tumor response assessment (18, (20) (21) (22) (23) , surgical planning (24) , and for determination of prognosis (20) . In patients with cervical cancer, tumor volumetry showed superior association with lymph node metastasis, parametrial involvement, and tumor differentiation compared with single diameter tumor evaluation (25) . A study (26) in which authors used only endometrial tumor size showed correlations of tumor size with lymph node metastasis and survival.
In patients with endometrial cancer, DWI has shown promising results (8, 27, 28) for prediction of deep myometrial invasion, but discordant results have been reported for prediction of tumor grade (29) (30) (31) . Most studies (29) (30) (31) have been focused on selected regions of interest (ROIs) placed on a representative image of the tumor for analysis. Thus, these techniques do not allow assessment of the problems of ROI size and positioning variations. Tumor volumetry has been shown to be more representative of tumor heterogeneity compared with selected tumor ROIs (32) . Thus analysis of the apparent diffusion coefficient (ADC) of the entire tumor would eliminate sampling bias. Moreover, most studies have been conducted with mean and/or minimum ADCs (29) (30) (31) . However, it is possible to examine the heterogeneity of diffusion by using ADC histographic analysis. The histographic analysis approach has been applied mainly in brain imaging. For example, Tozer et al (33) showed that ADCs below the 50th percentile histographic mode and skewness allowed discrimination between astrocytomas and oligodendrogliomas. In body imaging, Kyriazi et al (34) showed an increase in ADCs and a later decrease in skewness and kurtosis in response to chemotherapy in patients GENITOURINARY IMAGING: Myometrial and Lymphovascular Invasion and Endometrial Tumor Grade Nougaret et al with metastatic ovarian and primary peritoneal cancer. More recently, ADC histographic analysis has been applied in patients with cervical cancer to the whole tumor volume instead of to selected ROIs to eliminate sampling bias (35) . In this study, the authors showed lower mean ADCs in poorly differentiated tumors than those in well or moderately differentiated tumors (35) . The ability to predict high-grade endometrial cancer by using ADC histographic analysis of whole tumor volumes is of clinical interest for two reasons: First, histologic tumor grade is a strong predictor of nodal involvement (36); and second, there is relatively frequent discordance of the preoperative cytologic results with the findings at final surgical pathologic examination due to undersampling (37) . Thus the combination of MR volumetry and DWI could be helpful for the initial staging and treatment stratification of patients with endometrial cancer. Therefore, the aims of this study were to investigate endometrial tumor volumetry and its association with deep myometrial invasion, tumor grade, and lymphovascular invasion and to assess the value of ADC histographic analysis of the whole tumor volume for prediction of tumor grade and lymphovascular invasion.
Materials and Methods
Ethics approval for this retrospective study was granted by the institutional review board, and patient consent was not required. 
Imaging Protocol
All MR imaging examinations were performed with a 1.5-T unit (Signa Excite; GE Healthcare, Waukesha, Wis) by using an eight-element pelvic phasedarray surface coil. For all MR imaging examinations, patients were placed in the supine position with a partially full bladder. Patients were given 40 mg of hyoscine butyl bromide (Buscopan; Boehringer, Ingelheim, Germany) intramuscularly before image acquisition to reduce bowel motion. Fast-recovery, fast spin-echo T2-weighted images were obtained in the sagittal and axial planes with the following parameters: repetition time msec/echo time msec, 4575/100; matrix, 512 3 256; number of signals acquired, four; field of view, 24 cm; section thickness, 4 mm; and bandwidth, 31.25 KHz. Axial oblique fast recovery fast spin-echo T2-weighted imaging was then performed with the following parameters: 4000/100; matrix, 512 3 256; number of signals acquired, four; field of view, 24 cm; section thickness, 4 mm; and bandwidth, 31.25 KHz. The axial oblique plane was perpendicular to the endometrial cavity, resulting in a short-axis view. Axial oblique and sagittal DWI of the pelvis was performed with the following parameters: 5000/69; matrix, 128 3 256; number of signals acquired, eight; field of view, 32 cm; section thickness, 6 mm; b values, 0, 500, and 1000 sec/mm 2 . Only 51 of the 70 (73%) patients underwent axial oblique DWI, because this plane was added later to the study protocol. DCE imaging of the pelvis was performed after administration of 0.1 mmol/kg of body weight of gadolinium chelate (Gadovist; Bayer, Canada) by using a three-dimensional gradient-echo T1-weighted volume acquisition with the following parameters: 3.6/1.75; number of signals acquired, one; matrix, 320 3 192; field of view, 26 cm; section thickness, 4 mm; and bandwidth, 62.50 KHz. Images were acquired at multiple phases of contrast medium enhancement in both the sagittal and axial oblique planes at 25, 60, and 120 seconds. , sagittal DCE imaging at 3 minutes and axial oblique delayed) by manually tracing the outer edge of the lesion on each image. (Average mean time per patient for all sequences was 30 minutes; less than 5 minutes per sequence). The total tumor volume was automatically calculated as the sum of each of the cross-sectional volume measurements (cross-sectional area was multiplied by section thickness). The tumor contour was defined as areas of intermediate signal intensity on T2-weighted images that were different from the normal adjacent low-signal intensity myometrium (Figs 1, 2) . Care was taken to avoid contamination of this ROI by adjacent normal endometrium or myometrium or by areas of fluid or necrosis in the endometrial cavity. The entire volume of the uterus was measured on the basis of sagittal T2-weighted images. The cervix was carefully excluded from measurements. The uterus and cervix were delineated on T2-weighted images according to the low signal intensity of the outer layer of the cervix. Subserosal or intramyometrial fibroids deforming the outer edge of the uterus were excluded from the volume measurements. However, no adjustments were made to the uterus volume in cases of adenomyosis because of the infiltrative nature of this disease. None of the patients in our cohort had a uterine duplication abnormality.
MR Imaging Interpretation
At DCE imaging, tumor volumetry was performed during the equilibrium phase (2-3 minutes after injection of contrast medium) when there was maximum contrast between the hyperintense myometrium and the hypointense endometrial tumor. For DWI, tumors were measured on high-b-value (1000 sec/mm 2 ) images on the basis of visual analysis. Areas of high signal intensity compared with the normal bowel wall or the background of lower signal intensity in the adjacent myometrium were considered to be the tumor.
The tumor volume ratio (TVR) was calculated as follows: TVR = (TTV/ TUV) 3 100, where TTV is total tumor volume and TUV is total uterine volume. Six mean TVRs were generated per patient; one for each of the different sequences and imaging planes. Because the uterine volume was only
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Nougaret et al measured in the sagittal T2-weighted imaging plane, the tumor volume was the only variable that showed change. Because the interobserver correlation coefficient was excellent, only the results of the first reviewer were used for secondary analysis. Measurement of the ADC.-ADC maps were automatically generated by using a monoexponential decay model in the workstation (Advantage Windows 4.5; GE). Anonymous data were exported offline to a personal computer, and analysis was performed with software (imagej; http://imagej.nih. gov/ij) and a three-dimensional plugin (Yawi 3d; http://yawi3d.sourceforge. net/index.php). By using this software, the first reader (S.N.) drew ROIs around the tumor on each section on the ADC maps with reference to the T2-weighted images to delineate the whole tumor volume. Care was taken to avoid contamination of this ROI by the adjacent normal endometrium or myometrium, or by areas of fluid or necrosis in the endometrial cavity. ADCs from tumor ROIs were imported into software (R version 2.15.2; The R Foundation for Statistical Computing, Vienna, Austria). The minimum, 10th, 25th, 50th, 75th, and 90th percentiles and maximal pixel values were generated, and the skewness and kurtosis of the histogram were recorded. Skewness and kurtosis reflect the shape of a histogram and were used to measure the asymmetry of the ADC distribution around the mean. Skewness is positive if most of the data are concentrated on the left of the histogram and negative if most of the data are concentrated on the right. Kurtosis represented the concentration of values around the mean and reflected the peak of the distribution. In a normal distribution, skewness and kurtosis are both 0 (38,39). A second reader (A.M.H., with 3 years of experience, who is listed in the Acknowledgments at the end of this article) used a postprocessing workstation (Olea Medical, La Ciotat, France) to perform the same analysis. The software was able to provide the histographic values for each tumor volume directly. The images were transferred from the picture archiving and communications system to the postprocessing workstation. Tumor volume measurements were generated on ADC maps and histographic data were obtained directly. myometrium and as stage IB or deep if the tumor extended beyond 50% of the myometrial thickness. The two blinded readers initially evaluated the presence of deep myometrial invasion by using standard anatomic sequences (T1-and T2-weighted imaging) and DCE imaging. Two weeks later, the same evaluation was undertaken, but this time, a combination of standard anatomic sequences and DWI was used.
Surgical Histologic Findings
All 70 patients underwent total hysterectomy, bilateral salpingo-oophorectomy, and pelvic lymph node sampling.
In selected patients, paraaortic lymph node sampling also was performed. The decision to perform paraaortic lymph node sampling was made at the time of surgery on the basis of the imaging results. A specialist in gynecologic pathology (J.A., with 20 years of experience) performed the histologic examinations of all tumors. The uterus was sectioned contiguously every 1 cm for the pathologic analysis. The final histologic type was used as the reference standard. The depth of myometrial invasion (confined to the endometrium or inner half of the myometrium or invading the outer half of the myometrium), tumor grade, and presence of lymphovascular invasion were reported.
Statistical Analysis
Statistical analyses were performed with software (Medcalc Software 9.4.2.0; Mariakerke, the Netherlands and SPSS version 16.0; SPSS, Chicago, Ill) for bootstrapping. Data were presented as mean 6 standard deviation or median and 95% confidence interval. The interobserver correlation coefficient for continuous variables was used for interobserver agreement on the volume of each endometrial tumor. Values greater than 0.8 were considered excellent, 0.6-0.8, good; 0.4-0.6, moderate; and less than 0.4, poor concordance. Differences in tumor volume and in TVR between the six MR imaging sequences were calculated by using the analysis of variance test for continuous variables. Receiver operating characteristic (ROC) curves were generated to evaluate diagnostic accuracy with myometrial invasion as a predictor for each of the six sequences by using the TVR. The cutoff point for the ROC was predetermined by the statistics software to automatically minimize the mathematical distance between the ROC curve and the ideal point, as a method to minimize misclassification of patients (40) . Moreover, ROC curves were performed for 1000 bootstrapped samples (sampling with replacement) from the original study population. Bootstrapping is a resampling method that enables generation of 95% confidence intervals without relying on the normality assumption. We also performed leaveone-out cross-validation in the bootstrap procedure, which involves the use of a single observation from the original sample as the validation data and the remaining observations as the training data. The sensitivity, specificity, positive and negative predictive values, and overall diagnostic accuracy for DCE imaging and DWI also were calculated for each reader. For evaluation of overall staging, the hypothesis of no disproportionate change between assessments (correct or incorrect assessment) made with DCE imaging, DWI, and volumetric imaging was tested with the McNemar test. The Mann Whitney U test and Kruskall-Wallis test were applied to evaluate possible differences between histographic ADCs and tumor grade. The relationship between histographic ADCs and lymphovascular invasion was assessed by using a Mann Whitney U test.
Results

Reproducibility of Volumetry and ADC Measurements
Patient characteristics are shown in Table 1 . The interobserver correlation coefficient for volumes measured in each sequence was excellent (0.82-0.89; Table 2 ). The interobserver correlation coefficient for ADC measurement of the total volume was good or excellent (0.72-0.91; Table 2 ).
Tumor Volumetry and Deep Myometrial Invasion
There were no significant differences in tumor volume (P = .95) and TVR (P = .86) among the six MR imaging sequences ( Table 3 ). The mean total uterine volume at sagittal T2-weighted imaging was 81 cm 3 6 78. Comparison of the TVR ROC curves between the six MR imaging sequences for prediction of deep myometrial invasion showed no significant difference (P . .08). Likewise, comparison of the tumor volume ROC curves between the six MR imaging sequences for prediction of deep myometrial invasion showed no significant difference (P . .08). Comparison between TVR and tumor volume ROC curves is displayed in Table 4 . According to ROC curve results, we chose a TVR threshold of 25% as the optimal cutoff of TVR for prediction of deep myometrial invasion or to rule out myometrial invasion (Table 4) . With the use of this threshold for each sequence, deep myometrial invasion
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Nougaret et al was predicted with a sensitivity of 100% (Table 5 ). The TVR obtained (25%; 95% bootstrapped confidence interval: 23.6, 28.1) from the axial oblique DWI sequence had the best area under the ROC curve, 0.96 (95% confidence interval: 0.86, 0.99; sensitivity, 100%; and specificity, 93%). Leave-one-out cross-validation showed that 48 of 51 (94%) patients were correctly predicted in their initial group, with a sensitivity of 100% and specificity of 90%. A tumor volume threshold of 4 cm 3 enabled prediction of deep myometrial invasion with a sensitivity of 100% in each sequence, however the specificity was low (Table 5) . Thus, this threshold was not used for further analysis.
Qualitative Assessment of Myometrial Invasion
Interobserver agreement between the two radiologists for assessment of the depth of myometrial invasion was substantial for both DCE imaging (k = 0.7) and DWI (k = 0.7). Reviewer 1 correctly staged tumors in 54 of 70 (77%) patients with DCE and T2-weighted imaging. Of the patients with an incorrect stage (n = 16), eight of 70 (11%) were given a lower-than-accurate stage (understaged) and eight of 70 (11%) were given a higher-thanaccurate stage (overstaged; Table 5 ).
In the second reading, reviewer 1 used the combined T2-weighted imaging and DWI sequences and correctly staged tumors in 62 of 70 (89%) patients. Of the patients with an incorrect stage, two of 70 (3%) were understaged and six of 70 (8%) were overstaged. However, the difference between results of DCE imaging and DWI for assessment of deep myometrial invasion was not significant for reviewer 1 (P = .07). Reviewer 2 correctly staged tumors in 56 of 70 (80%) patients with DCE and T2-weighted imaging. Of the patients with an incorrect stage (n = 14), four of 70 (6%) were understaged and 10 of 70 (14%) were overstaged. In the second reading, reviewer 2 used the combined T2-weighted and DWI sequences and correctly staged tumors in 60 of 70 patients (86%). Of the patients with an incorrect stage (n = 10), two of 70 (3%) were understaged and eight of 70 (11%) were overstaged. However, the difference between DCE imaging and DWI sequences for assessment of deep myometrial invasion was not significant for reviewer 2 (P = .09).
Regarding quantitative and qualitative analyses, there was a significant difference between qualitative assessment and TVR when axial DWI sequences were used. TVR significantly improved (Fig 3) . By using the same threshold of 25%, a TVR greater than or equal to 25% allowed prediction of grade 3 tumors with sensitivity of 83% (15 of 18) and specificity of 65% (34 of 52), a positive predictive value of 55% (18 of 33), a negative predictive value of 92% (34 of 37), and accuracy of 70% (49 of 70) (P = .0007).
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There was no statistically significant difference in the ADC percentiles between grade 1 and grade 2 tumors. The minimum, 10th, 25th, 50th, 75th, and 90th percentile ADCs were significantly lower in grade 3 tumors than in grades 1 and 2 tumors ( Table 6 ). The skewness and kurtosis distribution among the three groups was not significantly different. For the median ADCs (50th percentile) according to ROC curve results, an ADC lower than 730 3 10 26 mm 2 /sec was associated with a grade 3 tumor with sensitivity of 77% and specificity of 75% (area under the ROC curve, 0.750; P = .0001).
Tumor Volume, Total Tumor ADC, and Lymphovascular Invasion The mean tumor volume and TVR were significantly larger in patients with lymphovascular invasion than in those without (20. lower histographic ADCs ( Table 7) . The skewness and kurtosis distribution between the two groups was not significantly different. For the median ADCs (50th percentile), according to ROC curve results, an ADC lower than 770 3 10 26 mm 2 /sec was associated with lymphovascular invasion, with sensitivity of 65% and specificity of 80% (area under the ROC curve, 0.716; P = .0004).
Discussion
In our study, we evaluated tumor volumetry as a tool for the initial staging of endometrial cancer. Our preliminary results showed that tumor volume is associated with deep myometrial invasion, tumor grade, and lymphovascular invasion. Furthermore, ADC histograms based on the entire tumor volume showed that tumor volume is potentially important in the identification of tumor grade and lymphovascular invasion.
Studies of tumor volumetry have shown interesting results for tumor response assessment (18, (20) (21) (22) (23) and the use of tumor volume as a prognostic factor for recurrence and survival (18, 20, 24, 41) , especially in patients with rectal and cervical cancer. However, tumor size was reported to be an indicator of prognosis in patients with endometrial cancer as early as 1960 by Gusberg et al (42) , who demonstrated a worse prognosis when the uterus measured more than 10 cm. This fairly imprecise estimate was redefined by Schink et al (26) , who evaluated tumor size as the average tumor diameter measured in the pathologic specimen. By using these measurements, tumor size was independently associated with risk of lymph node metastasis and was a significant prognostic factor for survival. Mariani et al (43) found no nodal metastases in patients with a primary tumor diameter less than or equal to 2 cm compared with a 7% risk in those with tumors greater than 2 cm. In addition, in their study, Mariani et al showed a significant difference in recurrence based on tumor size.
We measured the total endometrial tumor volume and the uterine volume and calculated a TVR. No difference in tumor volume and TVR was found between the different sequences, and interobserver correlation coefficients showed excellent results. A TVR of 25% was the best threshold for predicting or ruling out deep myometrial invasion. The high reproducibility between GENITOURINARY IMAGING: Myometrial and Lymphovascular Invasion and Endometrial Tumor Grade Nougaret et al sequences in measurement of tumor volume suggests that only one sequence is necessary to measure tumor volume correctly. In our study, qualitative assessment of deep myometrial invasion with DWI was at least equivalent to that with DCE imaging. Our data suggest that the combination of tumor volumetry and qualitative assessment of the depth of myometrial invasion by using T2-weighted imaging and DWI can replace DCE imaging as the primary imaging modality for patients with endometrial cancer. Our results are supported by those of recent studies (8, 27 ) that showed an advantage of DWI over DCE imaging. Furthermore, quantitative analysis (volumetry) improved the accuracy of staging with MR imaging compared with qualitative analysis (P , .001).
In our study, large tumor volume was associated with higher tumor grade and the presence of lymphovascular invasion. Tumor grade, depth of myometrial invasion, and presence of lymph node metastases are prognostic factors for high risk of disease recurrence (44) . These factors, when considered together, allow us to stratify patients according to risk of local, regional, or distant relapse, thereby potentially allowing the selection of patients who require adjuvant therapies (44) . Lymphovascular invasion is associated with the presence of lymph node metastases, poor prognosis, and disease recurrence (45, 46) . Thus simple MR volumetric assessment of tumors seems to be an easy and accurate method for prediction of lymphovascular invasion; a TVR of greater than or equal to 25% is an easy parameter to use to identify patients at high risk.
Authors of several studies have explored the value of DWI for preoperative tumor grading of endometrial cancer. Tamai et al (29) described significantly lower ADCs in high-grade tumors than in low-grade tumors, although there were overlaps between grades. More recently, Bharwani et al (31) showed a trend of lower ADCs in grade 3 than in grade 1 tumors; however, the difference was not significant. Rechichi et al (30) did not find any relationship. By using total tumor volume ADCs, we demonstrated significantly lower ADCs in grade 3 than in grades 1 and 2 tumors. In previous studies (29) (30) (31) , ROIs were placed on a single representative section. However, ADCs obtained at tumor volumetric analysis have been shown to be more representative of tumor heterogeneity compared with selected tumor ROIs (32) . Thus, analysis of the ADC of the entire tumor enables elimination of sampling bias. Moreover, in our study we used ADC histograms instead of mean and/or minimum ADCs only (29−31) . ADC histographic analysis enables examination of the heterogeneity of diffusion in a tumor by allowing classification of domains of different diffusivity (34, 35) . By using this approach, minimum, 10th, 25th, 50th, 75th, and 90th percentile ADCs were significantly lower in grade 3 tumors than in grades 1 and 2 tumors (35) . In a study of 33 patients, Woo et al (47) showed significant differences in ADCs between grades by using histographic analysis and total tumor volume. In their study, the 90th and 95th percentiles of ADCs were the most promising parameters for differentiating highfrom low-grade tumors (47). Woo et al showed higher ADCs in high-grade tumors than in low-grade tumors, but contrary to the methods we used in our study, they included necrotic changes in their study. In our study, minimum and low-percentile ADCs showed higher differences between grades. Although Bharwani et al (31) reported that minimum ADC was not useful for differentiation of histologic grade, Nakamura et al (48) observed that it was helpful for discrimination of grade 3 from grade 1 endometrial cancer. The explanation for these results is that the minimum ADC is known to be well correlated with highly cellular components in the tumor and is theoretically expected to decrease with higher grade, because high-grade tumors have higher cellularity and subsequently decreased extracellular space and diffusivity of water molecules.
There were some limitations to our study. First, it was a single-center retrospective study with a relatively small cohort. Second, all patients underwent endometrial sampling with pipelle biopsy or dilation and curettage before MR imaging. These procedures may have reduced the intracavitary tumor volume. Moreover, in our study, 16% of patients had a nonendometrioid histologic result, which could have been due to selection bias, because a nonendometrioid histologic result is a risk factor for deep myometrial and lymphovascular invasion. Third, at times it was difficult to delineate the tumor from the normal myometrium on the ADC map. It is possible that some data were subject to partial volume effects. Moreover, when we performed ROI measurements on ADC maps, we may have included extreme ADCs resulting from DWI and ADC map misregistration artifacts. We can presume that the 10th or 90th percentile ADCs obtained from histograms were less affected by these artifacts, and therefore, may be more reliable for histographic analysis than the minimum or maximum ADCs. Finally, in our preliminary study, we did not include stage II, III, or IV tumors, because our main end point was the assessment of deep myometrial invasion. Authors of future studies should include a cohort of patients with a more advanced stage of disease and should investigate whether tumor volumetry is associated with pelvic or para-aortic lymph node metastases.
In conclusion, our data suggest that tumor volumetry with volumetric ADC measurement obtained at DWI can lead to accurate preoperative risk stratification of patients with endometrial cancer. As we enter the era of personalized medicine, with therapies stratified according to the risk of local or distant recurrence, imaging has become an essential tool in preoperative decision making to avoid both under-and overtreatment. TVR is an accurate method to identify patients with a poor prognosis. Tumor volume of less than 25% of the uterus has a 0% probability of deep myometrial invasion, only an 8% probability of being a grade 3 tumor, and an 22% probability of lymphovascular invasion.
